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RESEARCH MEMORANDUM
AN ANALYTICAL METHOD OF IS]!];KATING- TURBINE PERFORMANCE

By Fred D. Kochendorfer and J. Cary Nettles

SUMMARY

A method ls developed by which the performance of a turbine
over & range of operating conditions can be analytically estimated
from the blade angles and fiow areas. In order to use the method,
certain coefficlents that determine the welght flow and friction
losses must be approximated.

¢ The method is used to calculate the performance of the single-
stage turbine of a commercial aircraft gas-turbine engine and the
calculated performance 1is compared with the performance indlcated
by experimental data. TFor the turbine of the typical example, the
asgumed preassure losses and turning angles glve a calculated per-
formance that represents the trends of the experimental performance
with reasonable accuracy. The exact agreement between analytical
performance and experimental performesnce is contingent upon the
proper selection of the blading-loss parameter. A variation of
blading-~-loss parameter from 0.3 to 0.5 includes most of the
experimental data from the turbine Investlgated.

INTRODUCTION

The analytical determinatlon of the performance of & gas-
turbine engine under various operating ccnditions or the prediction
of engine performance at other-than-deslgn conditioms requires a
knowledge of the complete performence of each of the engine com-
ponents, especially of the compressor and the turbine (refer-
ences 1 end 2). KXnowledge of the component performance charac-
teristics that can be obtained from jet-propulsion-englne Ilnvesti-
gations is necessarily limited eand does not, in general, provide
& solution to the problem of component matching. A perfomanoe
test of a compressor or a turbine as a single unit provides all
the necessary information, but such testing of high-speed, hlgh-
capecity units requires costly auxillary equipment. An analysis
that can be umed elther with or without englne data to estimate
compressor and turbine performance would be valuable.
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An analytlical method for estimating turbine performance from
the blade angles and flow areas was therefore developed at the NACA
Lewls laboratory and is described herein.

The most important prerequisite for application of this
analysis ie a knowledge of the blade angles and pressure losses of
the turbine blades and of the varlations of these quantities with
changes in angle of incidence and in entrance Mach number. Refer-
ences 3 to 5 present turning angles and losses of typical turbine
bledes, but their results cannot be generalized to the extent
required to obtain the performance of a given blade profile. For
the purpose of the turblne analyels, the turning angles and loases
and their varlations with entrance conditions are therefore assumed,
the assumptions being conslstent with the iInformation in refer-
ences 3 to 5. The performance of a turbine of a commsrclal alr-
craft gas-turbine engine is determined by means of the analytical
method and the results are compared with experimental data.

SYMBOLS

The following symbols and abbreviations are used in this
analysise:

A area perpendicular to velocity, (sq ft)

a,b blading-loss functions

c discharge coefficient

D pitch-line diameter of turbine, (ft)

g soceleration of gravity, 32.2 (£t/sec?) .

hp horaepower

i angle of incidemce (angle between direction of approaching
fluid and tengent to camberline), (deg)

blading-loss parameter
total preasure, (1lb/sq ft)

static pressure, (lb/sq ft)

b o W A

gas constant, 53.3 (£t-1b/(°F)(1b))
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Ty

H

H o4 d ¢ M

X,y

inlet velocity ratio, [U/ (Vs,g 8in “f,s)]
outlet velocity retio, [U/(Vg , sin op)]
total temperature, (°R) |,

static temperature, (°R)

rotor-pitch-line velocity, (£t/sec)

fluld velocity, (£t/sec)

weight flow, (1b/sec)

N

2 2+il
7 7
pressure-ratic functiomn, |(p/P) - (p/P)
Jet-deflectlion parameters

stator-blade exit angle at pitch line measured from axial
plane, (deg)

angle between fluid veloclty reliative to rotor and axial
Plane at inlet to rotor, (deg)

angle between fluld absolute velocity and axisl plane at
exit from stator, (deg)

rotor-blade entrance angle at pltch line measured from axial
plane, (deg)
ratio of apecific heats

ratlo of absolute total pressure to static pressure of
NACA standard atmosphere at sea level

ratlio of absolute total temperature to static temperature
of NACA standard atmosphere at sea level

angle between fluld ebsolute wvelocity and axial plane at
exit from turbine, (deg)

adiabatic efficlency

angle of Jet deflection, (deg)
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P mass density, (slugs/cu £t)

c rotor-blade exit angle at pitch line measured from axial b=
plane, (deg) S

Op  angle between fluld velocity relative to rotor and axial
plane at exit from rotor, (deg)

Subscripts:

a before cascade

b at entrance to cascade

c after cascade

r with respect to rotor

8 with respect to stator

0] ambient (NACA standard atmosphere at sea level)

1l gtator inlet at pitoh line

2 gtator throat at pitch line .

3 stator outlet at pitch line

4 rotor inlet at pitch line

S rotor throat at pitch line

& rotor outlet at pitch line

ANALYSIS
Statement of Problem

The quantities commonly employed to define the performance of
a turbine and the independent or operating variables are as follows:
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Performance variables Operating variables

Total-pressure ratio, P;/Pg Inlet total pressure, P
Totel-temperature ratio, Ty/Tg Inlet total temperature, T,

Welght flow, W Rotor-pitch-line veloclity, U

-

Horsepower, hp OCutlet statlic pressure, pg
Adisbatlic efflciency, ngg

By means of dimensional analyses or by a method simlilar to that
used in the analysls which follows, it can be shown that the four
operating varlables can be reduced to two operating parametera. The
performsnce and operating perameters would then be as follows:

Performance parsmeters Operating parameters
Total-pressure ratilo, Pl s/PS 8 Turbine pressure ratio,
(based on axial leaving velocity) P1,s/Pg

Total-temperature ratio, Ty o/Tg g Rotor-pitch-line velocity,
U/—\(e
Welght flow, W46 /8) g 1,8

Horsepower, hp/('v 61,8 51,5)
Adlebatioc efflciency, fMgg

The obJect of this analysis 1s to determine the value of each
of the performance perameters for glven values of the two oper-
ating parameters.

Outline of Method

For the purpose of the analysis, the turblne pressure
ratlo Pl s/PS cannot be used directly because it 1s 2 product of

the mterdependent pressure retios Py s/P.'S s» Ps, s/?3> PS/P4,r:
P4,r/Pg,ps @04 Pg y/pgs; which camnot be determined for a given
value of Py g/Pg. If instead, values are chosen for Pz &/Pz

and U/ 91’5 , and if the pressure losses and turming a.ngles are
known or assumed, & step-by-step process can be employed in which
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the successive pressures, temperatures, and velocities can be cal-
culated from the principles of fluld mechanices. After the pres-
sures, temperatures, and velocitles at the turblne ontlet have been
obtained, the performsnce parameters and also Pl, B/PS can be

computed; the performance parameters can then dbe plotted as
functions of Pl,s/Ps and U/ 4’91’5.

Agsumptions

Blading losses. - The loss in total pressure that occurs
during passage of fluid through a cascade of blades may, for
convenience of analysis, be separated into two losses: +the emtry
loss caused by other-than-zero entrance angle and the friction
loss that results from the actual passage through the cascade.

The entry loss can be approximated (fig. 1) by resolving the
entering velocity into components normal and parallel to the blade-
entrance direction and by then assuming that the normal component
is lost; that is, V, = Vg cos 1. This approximation gives entry
losses that are independent of the sign of the angle of incldence.
The losses for positive angles are actually greater than for
corresponding negative angles, but for blading having a solldity
greater than 1.5 the error is probably not too large. For bleades
having solidities less than 1.0, however, a better approximation
might be obtained by assuming the normal camponent to be lost for
positive angles of incidence and no entry losses to occur for

negative angles.
The friction loss can be approximated by

8Piogg = &(%i)' K@' P vz)

where K 1s constent for a particular cascade and % p V2 1s

the average dynamic head of the fluid in the cascade. This
expression for loss (appendix A) can be rewritten as follows:

For the stator

1
P38 = Pi,s "b-:; (1)

L20T
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For the rotor

Pe,r "P4,r§§ (2)
where
[ 21
a-l-K(%7 1-(%)7
ena j
1 2L
bsl+K(%)7 1-(%)7

A plotof a and b as functlions of the pressure ratio p/P for
varicus values of K when ¥ equals 1.34 i1s given iIn figure Z.

Other losses such as blade-tip and separation losses should
be smell for well-designed turbines operating reasocnably close to
design conditions and therefore willl he neglected in this analysis.

Turning angles. - The angle through which & fluild is turned om
passing through a given cascade depends on the angle of incldence,
the blade exlt angle, and the entrance Mach number. TFor blading
having a solldity of 1.5 or greater, the. turning angle so varies
with the angle of incidence that the fluid exlt angle remains
approximately egual to the blade exlit angle. The effect of
entrance Mach number on the exlt angle is small unless sonic
velocity exists at the blade throat. In this case, the jJet of
fluld passes the trailing edge of the blade at a sonlc or super-
sonic velocity and, if the pressure in the region beyond the
cascede is not equal to the pressure at the blade throat, the jJet
will deflect. The angle of deflection will depend om the pressure
ratio in sccordance with the Prandtl-Meyer theory. (See, for
example, reference 6.) Although a deflection may actually occur
at both the upper and lower tralling edges and the flow configura-
tion may be quite complex, it will be assumed for simpllcity that
the mean deflection 1s given by the Prandtl-Meyer theory. The
angle of Jet deflection as a functlon of the ratio of static-to-
total pressure in the region beyond the tralling edge of the blade
for sonic throat velocity is calculated from the relations in
appendix B and is plotted in figure 3. It will therefore be
agsumed that the angle at which the fluld leaves the blade ls equal
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to the difference between the gecmetrical angle at the pitch line of
the tralling edge of the blade and the angle of jet deflection given
by the Prandtl-Meyer theory.

Baslc Equations

The basic equations to be used cen be derived from the definil-
tlon of total pressure

-2
P=p [:1 + _(%%%_tv_z]%l ' (3)
the definition of total temperature
Tt Ll " %;—%‘R)tlﬂ (4)
the equation of state
P = PRt (s)

and the principle of conservation of energy, which can be stated as
follows: When heat is nelther added nor removed and when the
veloclty is referred to a set of coordinstes that move at the
velocity of the blade row, the total temperature remains constant
from point to point, whereas the total pressure varies in accordance
with vliscous losses.

Equations (3) and (4) can be rewritten as

2z
=1

p=r[-%;—;§rﬁ (6)

confi- G| @
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. . .The weight flow at any point is W = CgpAV and from equa-
tions (5) to (7)

2=1
0 =2 . ) -_L(E.)"
&Rt gRT 1_(2’1)72 &8T \p
27gRT
Also from equation (6)
21
2 rd
72-1537_1 P 1-(12) (8)
so that
1
z;_l. 21
- P (R 2 7
¥ ‘”‘Rr(p) q'?%‘ 1 - (B)
or
1
2417

v-or {3 - () ©

Turbine Analysis

The analysis is made for a single-stage partial-reaction turbine
having one get of stator blades and cne get of rotor blades, each
of the blade sets forming a serles of convergent nozzles. A
schematic diagram of the turbine is shown in figure 4 and the
velocity diagram in figure 5. An impulse turbine or a turbine having
blade secticne that form convergent-divergent nozzles can be con~-
gsidered by making slight alteratlons to the method.

The quantities cbtained from the geometry of the turbine are:
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Area of stator throat, Az
Area of rotor throat, Ag
Pitch-line diameter of turbine, D
Stator-blade exit angle, a
Rotor-blade entrance angle, B
Rotor-blade exit angle, ¢

The quantities that must in general be assumed are:
Discharge coefficlent, C
Blading-loss parameter, K
Ratio of specific heats, 7

Stator. - When a value for ps/Ps is assumed, then bz can

be obtained from figure Z amnd hence PS/Pl g oan be calculated
from equation (1),

Pz Pz 1

g= et G—
Py

.8 T3,8 P3

The weight of gas flowing through the stator from equation (9)

is
vhere
2 rtll2

x-|(8)-(®)7

In figure 6 X 1is shown as a functlion of p/P for two values of 7.
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2z
7-1 the stator is choked 22 (—2 )7_1
Ps S (7+1) ; the s 8 ed and 1’2,9 =\721
Inasmuch &s Pl g8 = P2 gPz and T]_ g =Ts ,8? the weight-flow
perameter from eq_uation (10) becomes
1
W A6 CA. fl +:{ 2
1,8 _ GA2Fo 2 2 )7’ (
T8 [— (7-1)R f\y+1 7+1 (11)

Z_
Pz 2 Y1
Ifm>m s then PS,E-:PZEand Pz = Pg. Then
J
Pl,B = PZ,S’ bz = P3,5 and bs, Tl,ﬂ = TZ,B = TS,B’ and the
welght-fiow paremeter 1s

Wqby s Ao

27g
—g = _ xs
l,s TO bz 7-1)R

The velocity leaving the stator, from equation (8), is given
by

(12)

1
Z-l 2
A SR oy 573 PR 7
6 =¥ 7-1 ) Pz g
V1,3 ;

The deflection of the Jjet vz as 1t leaves the stator can be
obtained from figure 3 for p3/P3,s. The angle at which the Jet
leaves the stator 1s then Gp 4 =@ - V3z.

(13)

Rotor. - A velue is assumed for U/

U/ \lelJB (
ri = 15)
Vs,s/'\l 81,s Bin Cp g

91’5 and




From the velocity diagram of figmre ‘S

V5 o [(73’8 otn ap o - 0)Z « (¥ oo ur,s)z] - (V5 o oin oy )7 E:ot"' o g+ (1-)?| (16)

and

Ysamu:.a-v
V5coear,s

ten ap . = - tan op ¢ (1-7y) (17)

According to the assumption on emtry losses,
Va,r = V3 p o8 (ui',r - $)

With equation (16) and the expanded form of cos (“r,r - B), this equation beoomes
1

2
V™ V3,p &in O g [ootz Gp,g + (1_1_1)2} (cos a £,r ©o8 B +sln o r 8in B)

. 1
2
Vap = Vs,g 810 ap o (joota L (1-'1'5_){! o8 Gp (cos P + tan, Gp,r 5in )

1 2
cos =
qf_.r 1+ tma or s

Also

L20T

21

9TI9d "oN Wi VOVN
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80 that finally by use of equatiom (17)

v, V.
4,7 _ 3,8 oom % g I:cos B + (L-ry) tan a¢ 4 &in B] (18)

/Vel: 5 /\Jel:s

In order to find the total temperature with respect to the
rotorx, equation (4) is used, which gives

2
(r-1) v3
Tl,s = Ts,s = t3 + -l 5,8

278R

and

Therefore

(7-1) (73 sz - V3 rz)
T3 = Tl 1 - 2 ) ]
" s8 278RT) g

and with equations (16) and (15)

2 f2-
Sr .y - {2 T T (19)
Ti,s 78RT) g\ 1

Equations (3) and (4) are used to £ind the total pressure at
the entrance to the rotor with respect to the rotor, which give
i A
2|7t

(7-1) 74 r
4,r 4 27gRt,

2
t P (7-1) V4.r
4= Tqy -~ —=—

27gR
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Then, because py = px and T-i,r = '1'3,:.

" A

71
2 . h -<v4,r )2 <‘VT145)2 (7-1) (20)
8

P
T MT]'J 'VTS,:L‘ ZreR

The weight-flow parameter at the rotor throat can be written as

1 1

2 /m. \2
WN6s v ¥ 'VglJa (TSJ; T5,r\ Fi,8 P3 Pa,r
5,r 1,8 \T1,s Tz, Pz Pe,r F5 r

where from equation (9)

WABs » o 2
B — c X
5,c NI, As z—’,-ﬁ ® %5

Therefore, becauss T.'S,r = '.1!5’1.,

1
2
WA s (3:@:) Pr,s P5 Peor
3 Ty Pz P4,r P5,r (21)

l,8
3 2
7-1) R

x5- 5

e

The only unknown guantity on the right-hand slde of equa-
tion (21) is the pressure-loss term P-L,r/PS,r but in order to

determine this term from the loss equation

P4,r - .2-5.
P5,r a4

b must be kmown. The conocept bg 1s & funotion of PS/PS,r and
hence of Xg. A trisl-and-error process must therefore be used.

1027
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A value of Ps/Ps,r such thet

" A
5 Ps5 2(2 71
Fir Fs,r L

can be chosen as a first approximation. Then b Py /P X,
52 “4,r/*5,r» -5
end finelly Ps/Ps,r cen be obtained. From this second approxima-

tion, a second value of bg can be obtained and the process

repeated. Convergence is rapid and the second approximation will
usually be sufficlently accurste.

The maximum value that X5 ocan have 18
) 1
2 z#1|2

2 7-1 2 7"1
7+l T\l

end if the value of Xz from equation (21) is greater then the
maximum, one of the original assumptions (that 1is, 1!3/1“3,s or

U/ \[61,g) must have been inadmissable.

If the rotor is not choked, the static pressure in the
annulus following the rotor pg 18 equal to the statlic pressure

at the rotor throat pg. When the rotor 1s choked, pg can be
less than pg and consequently PG/PG,r cen be less
‘than Ps/Ps,r' In this case a value can be assumed for PG/Ps,r

and b can be obtained from figure 2. This procedure cen be
summarized as follows: :

For EY
2 2412
<2V _(2\?
x5 r+1 r+1
Pg Ps

Ps,r PS,r
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and
bg = b5
For 1
2 2+41f2
_ 2 \7-1 2 \7-1
X. = |[<2= - (-2
S \7+1 7+1
Pe . _P5
Ps,r Ps,r
and
bg = by

The velocity leaving the rotor with respect to the rotor is glven
by 1

z-1|2
M ﬂ’27511'1' Ps \7? :
63,2 7 V6,2 '

inasmuch as Ts,r = '1'3’1,

The jet deflection at the rotor outlet Vg 1as obtalned from
figure 3 for PG/PG,s' The angle at which the fiuid leaves the

rotor 1s then

=G0 -V (23)

< 6

p o

From figure 5 the absolute veloclty downstream of the rotor 1s

2. 2
V6,8 = Iq(vs’r sin Op - U)“ '+ (Vs,r cos Cp)

or 1

2
Vs,s = Vo,r 810 Op cot? Op + (1-r°)2] (24)
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vhore'

U/‘uel,s
Ts,r/‘uel,s sin Cp

The absolute exit angle 6 can be cbtained from

r

o (25)

Vg,r 812 Gp - U

tan € =
Ve,r cos O'f

tan 6 = tan gp (1-8) (26)

The total temperature downstream of the rotor can be obtained
by using equation (4) to give

(7-1) Vg, &°
Ts,s = ts F o 2

278R *

(7-1) Vg o2
Tz,r = Ts’r = ts + —————

27&R

(7-2) (Vg 22 - Vg o°)
TS,B = T3,r = 278R

Then from equaticns (24) and (25)

Te g -0 TP (Z-ro)
Tz,r * 27gRT3 » \ To (27)

Because, in general, the tangential component of the velocity
leaving the rotor cannot be converted into useful thruat, the total
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pressure downstream should be calculated from the axilal compoment
of the exit velocity; that is

1-1-1
2(7
Ps o b (7-1) (V5,5 cos ap)
Ps 27gRbg |
or, because
(»-1) vslrz
g = Tz,r -
d 27gR
~ P A
v 2 71
6,r -1
1 —aX g4 o i
P < T ) 2y8R
6,8 . 3,r
T6 " (28)
1 - vs,r 7-1
qﬁ;‘"‘ 27eR
. R 3,r —t
Performance ters. - The fluid velocity, the pressure, and

the temperature at any point in the turbine are now known. The
turbine performance can be evaluated by combining these guantities

to form the following parameters:

P
Ts,s, Pe 6.8 .. bp
Tl,s P1,3 P1‘;5 A’el,s 51,5

The ratio of total temperatures can be rewritten as

e - (x2e) ()
Tl,s T1,s

or, with equations (27) and (19)

e - () ) - (]

1,8
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‘Substitution for Tl,s/ws,r from equation (19) finally gives

Te,s _, _G@1u8 (2T 2%
5 5 + (29)
i,s 78RT) g\ T1 To

The other performance parameters can be obtalned as follows:

C EEEEE) -
P1,6 \P1,s/\ 23/ \Pq,r/ \Fs,r
25,5 - <jp6 (fs,%) (31)
Pi,s \F1,8/\ Ps '

1 - Ts,s
I'1:'1 8
Tlad = - -1 (32)
y
(Pl, )
Bp = 2= R T 1 - Se.8)y (L)
P=5T1T% "1,s Ty, 550
np To R Ts s\ ¥ A%, s
N6y, B =G e\ TE )T (53)
1,s Y1,s s s

TYPICAL EXAMPLE OF METHOD

As an example of the use of the method and of the results that
can be obtained, the performance for the turbine of a commercial
aircraft gas-turbine engine will be calculated and the calculated
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performence will be compared with the experimental. The geometrical
properties of the turblne are as follows:

A, = 0.852 square feet a = 62°
Ag = 1.26 square feet B = 24°
D = 1.833 feet o= 47°

The valies of C, K, and 7 for this example are assumed =g
follows:

C = 0.98
K = 0.30

With these values the method ia as followa:
(a) Assume PS/Ps,s and U/ 491,5'

(b) Pind bs; from figure 2 and Vz from figure 3.
* 1l
(0) PS/P]_,B = pS/PS’g (E)

(a) 1r P3/P3 Z 0.539, Pz/Pg,E = P5/P3’5;

If pg/P3 o <0.539, pp/Pp o = 0.539.

(e) Find by from figure 2. L

2
@) x, = [(Pz/Pz,s)l'sm ) (Pa/Pz,s)l'752]

WAe, . 1.842P%, ~ ~ — T TUT T T ot oo
(g) -—5Il‘§ = 2 X,

8 NG by 1

- Pz 0.248 2
(n) Vs,s/ AlBL,s = 117.6AT; |1 - .
’

L30T
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(1) ap 4 = 62 - V4

(1) U/

1‘1 =
vS,s/ Af1,s 8in cp g

2 /2-1r
1 U 1
(x) TS:r/Tl,g =1 - <116.3 T ) (ri)
‘u 1,8 _

v V.
4, 3
(2) 4,r 3,8

}\Jel 8 ’Vel,s

L v, Vo [
e 22T )\ a8}
() p3/Pyr = |2 (116.3 ) Ty r

Tl,s

cos ap g [cos 24° + (1-r) tan cp o 8in Amw 24°]

(n) Find a; from figure 2 and assume bg.

o 5z 4 (222) (2 (22 2) ()
5 "26% "5 , Py,r/\3 /) \ Bo

(p) Fina pS/PS,r from figure 6.

() Find bg from figure 2 and check with assumed bg.

Pg Ps
(r) If ps/Pg . > 0.537, el 1f p5/1>5 r = 0.537,
PRy 3

assume PG/PS » S 0.537.

| pg \0-254]%
(8) Vg o/ N5 » = 116.3 |1 -(PSr
(t) Find vG, from figure 3 end bg from figure 2.

(u) Op = 47 - Vg
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u/ 61 o
(v} %o = 5,» AT5,» in ©.
sin i
/VTB r ‘Vel,r

2 /m 2«-r
1,
(w) Ts’g/T3,r =1- 116 3 T, ) (TS :)( o)

—
2]5.941
l- L Vs,r gin C
116.3 £

3,r

( vSr
[ 116.3 irf:Sr

The performance parameters are:

2 f2-r 2-r
=1 - i __U i o
Te,8/T1,8 = 1 (116.3 (ri M ro)
MTI 8

L

(1) Ps,g/ps =

PsﬁPl,g = (ps/?l’a) (P4,r/P3) (84/b6) (Ps/Ps’r)

Ps, B/P],B = (PG/P]_, B) (Ps, B/Ps)

l- (TGJ S/T;LB)

Mad = o \0-251
1 - 2a8 )
P,

y 49
—Bp . o.3628 1, (1 - T?“) 1,8
‘qel,s 6].,s o

A sumnary of the caloulations is given in table I.

1027
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For step {r), it is necessary to find the value of U/ m
for 'which ps/Ps p = 0.537, that 1s, for which the rotor is choked
and X; = 0.Z41." This value ¢an be found most simply by
plotting X; wagainst U/ A6, o (fig. 7) end finding the value
of U/ o1 4 that corresponds to X5 = 0.241.

Because the Tinal performance parameters are to be obtained as
Punctlons of Py 5/pg for comstent U/ 61 5, 1t is desirable to
have the o‘hoking values of YU/ 4)93_ g correspond to the initially
chosen values of U/ m This cbrrespondence can be accomplished

by plotting the choking valuss of U/ Néy,o against pz/P3 g
(f1g. 8) and finding the values of p3/P3 g that correspond to the

desired values of U/ \[61 g-

From figure 8, the rotor-choking values of Ps/PS g that
correspond %o values of U/ ﬁ]el s Of 455 and 638 are 0.5245 and 0.5650,

respectively. The performance calculations for these values
of pz/P3 g afe summarized in teble II.

The performance durves of Iigure 9 are plotted from the values
in tables I and II.

DISCUSSION OF PERFORMARCE CURVES
Trends of Calculated Performance

Choking of the turbine, in either the stator or the rotor, is
one of ‘the most important PTactors affecting turbine performance.
The conditions Por stator and rotor choking are obtalned from
table TI Por the turbine of the typlcal ex=mple and are glven in
Figure 10. The turbine pressure ratlc at which the stator chokes
ihereases with lncreasing rotor-#pesd parameter whersas the pres-
sure Yatio Por rotor choking is almost independent of the speed
parameter. -For values of the rotor-speed parameter greater than
525 the stator cannot choke.

Another important conslderation is the verlation of inlet and
outlet veloclty ratios. These ratlos determine the rotor entry-
and exit-whirl losses and affect mainly the adiabatlc efficlency.
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When the fluld enters the rotor at the blade entrance angle, the
inlet velocity ratio from equation (17) is

=1 - ten 24°
tan 62°

ry = 0.763

For axial outlet velocity (that is, no whirl), the outlet velocity
ratio r, 18 equal to 1.00. As 1s shown in figure 11, the speed
parameter and preasure ratio for which both of these conditioms are
satisfled are 636 and 2.55, respectively.

The variation of the temperature-ratio parameter with turbine
pressure ratio is shown in figure 9(a). The temperature-ratio
parameter 1s directly proporticnal to the chenge of the whirl
component of the fluid as 1t passes through the rotor. For turbine
pressure ratlos leas than the pressure ratio for rotor choking
(£ig. 10), both the entering and leaving whirl components increase
wilth pressure ratio. For turbine pressure ratios greater than the
rotor-choking pressure ratioc, however, the entering whirl component
is constant and, because of the Jet deflection, the leaving whirl
compenent le malntained almost constant even though the exit
veloclity increases with Increasing pressure ratio. Hence for any
glven rotor-speed parameter, the temperature-ratio parameter
increases with increasing turbine pressure ratio until the rotor
chokes. At pressure ratios higher than choking, the temperature-
retio parameter remains relatively constant.

The total-pressure ratio (fig. 9(b)) is a function mainly of
the turbine pressure ratio, the rotor-speed parameter having a very
snall effect. It should be remembered that for this analysis the
downatream total pressure Ps,s has been obtalned from the axliel
component on the downstream velocity rather than the total down-
atream veloclty.

The adiabatlc efficlency given in figure 9(c) is also dependent
on ‘the definition of downstream total pressure. The greatest
efficiency 1s obtained for a speed parameter of 636 and a preassure
ratio of approximately 2.55, which 18 in accordance with the
previous discussion of the effect of the velocity ratios on adla-

batic efficiency.

_The weight-flow parameter (fig. 9(d)) increases with turbine
pressure ratio until the turbine chokes, and then remains constant.
For the two highest speed parameters (636 and 548), the weight flow
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is limited by rotor choking, whereas for lower speed parameters the
wolght flow 1s limited by sbtator choking. The greateat weight flow
is slightly less for rotor-choking speed parametera than for stator-
choking speed parameters.

The varilation of the horsepower parameter 1s shown in fig-
ure 9(e). The horsepower parameter is proportional to the product
of the temperature-ratio parameter and the weight-flow parameter,
both of which increase with turbine pressure ratio for pressure
ratlios less than 2. TFor preasure ratios between 2 and 3, the
temperature-ratic parameter continues to increage but the weight-
Tlow parameter 1s almost constant so that the horsepower parameter
continues to lncrease, though not so rapidly as for pressure ratios
less than 2. For pressure ratios greater than 3, the weight-flow
parameter 1is constant, the temperature-ratlo parameter is almost
constant, and the horsepower parameter ls almost constant.

The effect of the cholce of the blading-loss parameter K on
the performance parameters l1s shown In figure 12. The effect can
be seen to consist malnly of a vertical shifting of the curves,
each curve retalning lts general shape independently of the bleding-
loss parameter. For a glven turbine pressuré ratio, increasing
the blading-loss parameter by O.l results in an Increase in the
total-pressure ratio of approximately 0.5 percent and a decrease
in the temperature-ratio parameter and the adlebatic efflciency of
approximately 2.0 percent.

Canparison with Experimentel Results

The turbine of the typlcal example has been operated et the
NACA lewis lsboratory as & part of a gas-turbine engine end
the resulting data have been used to obtaln the turbine perform-
ance paremeters. The varlatlon of temperature-ratio parameter
and adiabatic efficlency with rotor-speed parameter l1s presented
in figure 13 for velues of the turbine total-pressure ratlo
ranging fram 1.7l to 2.34. Curves of calculated performence are
also presented for values of the bleding-loss parameter K of
0.3"and 0.5. In generel, the temperature-ratlo-perameter com-
parison indlcates & blading-loss parameter of about 0.3 except
2t a pressure ratio of 2.34 where the blading-loss parsmeter
gshows some incresse. The trend of the efficiency comperlison 1s
toward & blading-loss persmeter somewhat hlgher then 0.3, but
in general less than 0.5. The tremd of a higher indicated
bleding-loss parsmeter on the basisg of the efficlency camparison
is probably due to the addlitional error involved iIn the use of an
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experimentally determined pressure ratio to calculate the measured
efficlency. The importance of additional investlgations of condi-
tions that influence the bleding-loss parameter 1ls clearly evident
inasmuch as the degree of agreement between theory and experiment
is contingent on the proper cholce of this parameter. For the
turbine investigated, & blesding-loss parameter of 0.5 would be
8lightly higher than the experiments indicate and the complete
engine would actually perform somewhat better than would be
predicted by a theoretical mstching study.

CONCLUSIONS

From & theoretical investigation of the performance of the
turbine component of a commercial aircraft gas-turblne engine and
a comparison of the performance calculated by means of the
analytical method and the experimental performence, it 1s concluded
that: ’

1. For the turbine of the typical example, the assumed pres-
sure losses and tuming angles glve a caloulated performance that
represents the trends of the experimental performance wlth
reagsonable aoccuracy.

2. The agresment between analytical performance and experi-
mental performence is contingent upon the proper selectlion of
blading-loss parameter. The experimental data indicate that for
the turbine of the typical example the blading-loss parameter
varied from 0.3 to 0.5 for most of the range inveetigated.

3. The methods of analysis should be applicable to any turbine
with reasonably well designed blading, although the same coeffi-
cient will not necessarily apply. For turbines with poor blading
design, the pressure losses and the turning angles will be
difficult to evaluate and the trends, as well as the magnitudes of
the calculated performance, may be Incorrect.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohio.
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APPENDIX A
BLADE FRICTION LOSSES

The loss in totsl pressure due to friction effects that ocour
when a fluld passes through & cascede depends on the design of the
particular cascade, on the Reynolds mmibber, and on the average
dynamic head in the cascede. For a particuler cascade, however, the
effect of & change in the Reynolds mumber caused by a change in oper-
ating conditions should be small even for a reasonably wide rangs of
operating conditlions. The loss can therefore be spproximeted dy

2(7-1 1 .
AP g™ J."Ll LS (E’ e Tz) (3¢)
vwhere X is a constant for the particular cascade and %p V2 1is
the average dynamic head in the cascade.

From equations (5), (6), and (7)

, =Ll 1
1.v2.2 7 ey
_ zPV "’.7-11’1"(1% %)

The average dynamic head in the cascade of figure 1l is then epproxi-
mately

1 pa 1 pam
v4 4 v
mar | B (®) |- |+ %) () (=)
The pressure loss then becomes
1 2-1 1 21
4

APjoss = PpPo = K By (%)7 1 ’(%) + P %)7 l'('r?':') ’

P, a=PF, b - (38)



28 NACA RM No. EBI1S6

where —

1 2=1]
a=1-K(§—E)7 l-(;%)?
= -
if 2=l
bal +x(§%)7 1 _(%)-7

(37)

The variation of the blading-loss paremeter with the ratio of
static-to-total pressure for several values of K i1s shown in fig-

ure 2.
For the stator the entrance veloclity is small; then
a1
and equation (36) becomes
P1,s = P3,8 P3
For the rotor, equation (368) becomes

Py,r 24 = Pg,r Pg

+

1027
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APPENDIX B
JET DEFLECTIQN

The expansion of & wniform, two-dimensional, frictionless stream
of gas flowing around a corner at sonlc or supersonic speeds has been

Investigated by FPrandtl and Meyer. The analysis of reference 6 shows
that the Jet deflection is given by

V=x -y (z8)
pda

@-)7 ='7_-:|[-'T 1+ cos 24%:) (39)

‘

tan g 2% ton ({EE =) (4o

where vV is the angle of jet deflection and p/P is the ratio of
static-to-total pressure in the region beyond the trailing edge. For
the purpose of this discussion, x and ¥y can be regarded as pera-
moters. A value is assumed for x, +the concepts p/P and y are

computed from equations (39) and (40), respectively, and v is

obtained from equation {38). Then vV 1s known as a function of p/P.
(See fig. 3.) .
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Pressure-ratio function, X
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Adiabatic efficlency, N4
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Rotor-speed parameter, U/\R

NACA RM No,

720
60
Rotor
choked —
560

LBo ///;

%

Loo | - ///
/ZL§;a§°§ /
' ‘o choke
320 /{ /
SNAGRST /
Zh%ﬂo 1.5 2.0 2.5 3.0

Turbine pressure ratio,P; s/P§

Figure 10. - Conditions for turbine choklng In
gurbéngsor typical example. K = 0.3;

EBI 16



1027

NACA RM No. E8I 16
l.2

- U/v gl,s

Lo 636 S

g 8 546 N \

o . L5 = — Optimum

~

5 s

"?'; 5 5 "‘\ \;

o L 273 ——

> ¢ \\

-+

©

[ |

& ~R A

o |
1.6
uAe, L

2 638°%_\

) e \

bt 1.2 P

o \

9

5. hslk NG LN Optimum
ol N ]

E - 273 \\\ o —L

7 [
E \\‘ \\\ —t |
'hl.o 1.5 2.0 2.5 3.0 3.5 k.o

' Turbine pressure ratic, Py, s/pg

Figure 1l. - Variation of inlet and outlet velocity ratios for

turbine of typical example.

K =0.3; C = 0.98.

43



44

L]

£

©

FE)

o

s-
d

2w
O \O
&t} W
- -
[ ]
]

I n
oH
8E

2

o

§

]

Adisbatic efflciency,
Taqa

a/P6,s

Total-pressure ratio,
Pl,

NACA RM No. E8116

.20

—
P
==

12 7
|
P e /

Lzo}

(a) Temperature-ratic parsmeter.

.92
\
0. e \\
\\
& P —
* T —
-81}. 25 - L

(b) Adiabatic efficilency.
2.h o ;

|
/

2.0 | ’4;;4

1.6

*I:E§§§:7’

.0 1.5 2.0 2.5 5.0 3.5 k.0
Turbine pressure ratio, Py, s/Pg

l.2
1l

(c) Total-presaure ratio.

Figure 12. - Effect of blading-loss parameter K on turbine per-
formance parameters. Turbine of typical example; U/Vsl,a =

shé; ¢ = 0.98,



1027

NACA RM No. ESI 16 45

T1,s = T6,a
Tl,l

Temperature-ratio parameter,

.18
K Pl,{ffG,a
———0.3 .
.5 — 40 0|0 of2.3h
0%~ "
'16 It
_A_A—-A-__—
= 4= 2.12
.1}* . //
24.1/-—1-92
- D;//
.12
o450 |17
.10 . e T
360 Loo 4o 480 520 560 600

Rotor-speed parameter, vaﬂﬁ’s
(a) Varistion of temperature-ratio parameter with
rotor-speed parameter.

Figure 13. - Comparison between theoretical and experimental
results for turbline of typical example.



46

Adiabatic efficlency, 74
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